Calorie restriction (CR) improved healthspan in two longitudinal studies in nonhuman primates (NHPs), yet only the University of Wisconsin (UW) study demonstrated an increase in survival in CR monkeys relative to controls; the National Institute on Aging (NIA) study did not. Here, analysis of left ventricle samples showed that CR did not reduce cardiac fibrosis relative to controls. However, there was a 5.9-fold increase of total fibrosis in UW hearts, compared to NIA. Diet composition was a prominent difference between the studies; therefore, we used the NHP diets to characterize diet-associated molecular and functional changes in the hearts of mice. Consistent with the findings from the NHP samples, mice fed UW or a modified NIA diet with increased sucrose and fat developed greater cardiac fibrosis compared to the NIA diet, and transcriptomics analysis revealed diet-induced activation of myocardial oxidative phosphorylation and cardiac muscle contraction pathways.
Introduction
Cardiovascular diseases are often age-associated (1) (2) (3) (4) and a leading cause of death worldwide (5) . Cardiac fibrosis is a key feature of the aging heart and is linked to many forms of heart disease (4, 6, 7) . Increased deposition of extracellular matrix proteins (e.g. collagens) in the left ventricle (LV) leads to loss of compliance and diastolic dysfunction (8) . There is increasing evidence to suggest that dietary composition may influence cardiac aging (9) (10) (11) (12) . With a deeper understanding of the relationship between diet composition and cardiac aging, we can better identify novel approaches to age-associated cardiac dysfunction.
Caloric restriction (CR), a chronic decrease in total daily caloric intake (13) , delays the onset of most age-associated diseases and extends the mean and maximal lifespan of several model organisms, including yeast, worms, and rodents (14) (15) (16) (17) (18) . The long-term effects of CR on cardiac health and survival are not fully understood. However, evidence from previous studies suggests that CR is associated with decreased incidence of atherosclerosis and oxidative stress in rodents (19, 20) .
Rhesus macaques (Macaca mulatta) are the most commonly used nonhuman primate (NHP) species in biomedical aging research as they provide an excellent model for the study of human aging due to their genetic and physiological similarities. Furthermore, rhesus monkeys experience age-related physiological changes and disease progression similar to humans (21) . The University of Wisconsin -Madison (UW) and the National Institute on Aging (NIA) have monitored the effects of CR on the health and survival of NHPs in separate longitudinal studies, both spanning more than three decades. The UW study reported a significant increase in survival of their calorie-restricted cohort, relative to their controls (17, 22) ; while the NIA study did not find any significant differences in the lifespan between their control and calorie-restricted cohorts (23) . Table 1A summarizes median lifespan of NHPs in both studies and Table 1B shows the distribution of age at death for animals from which we analyzed samples in our study.
A comprehensive comparison of these studies noted methodological differences that may have contributed to the divergent effect on survival outcomes (24) . There were four key differences between the NIA and UW studies were: (i) diet composition, (ii) genetic background, (iii) feeding regimen and (iv) age at recruitment to the study (21) . First, while the NIA study utilized a natural ingredient diet, a fully defined semi-purified diet was employed at the UW study. UW diet had greater sucrose, fat content and lower fiber compared to the NIA diet (dietary composition of NIA, UW diets are summarized in Table 2 ). Second, the UW NHPs were of Indian origin and reared on site, whereas the NIA study utilized a mixture of Indian and Chinese origin NHPs obtained from various sources. Third, the NIA study administered two meals per day, one at 6:30 AM and another at 1:00 PM along with a low calorie treat (fruit). The UW study administered one meal at 8:00 AM and a fruit / vegetable treat at 4:00 PM while removing any remaining food. Finally, the NIA study recruited NHPs at three age groups -juvenile (1-2 years), adolescent/young adult (3-5 years for males and 6-14 years for females) and old (16-23 years) . The UW study recruited adult animals to their study, ~7-14 years of age. Animal housing conditions, temperature, light cycles, water and routine animal monitoring by veterinary staff were equivalent at both facilities (21) . Although these studies had important design differences, taken together, they reveal that the health benefits of CR are conserved in NHPs, and thus, may be translatable to humans (21) .
Age-associated cardiac changes in NHPs approximate those of humans, and as such, samples from the two long-term NHP studies present a unique opportunity to further explore cardiac aging and factors that may explain some of the different outcomes between the two NHP studies. To this end, left ventricle (LV) tissue samples from both the NIA and UW studies were analyzed to investigate cardiac fibrosis. Further, we extended findings from the NHP studies and conducted a rodent experiment using the NHP diets to characterize cardiac fibrosis and the molecular and functional changes in the heart that are associated with alterations in diet. We hypothesized that dietary composition may be an important factor associated with cardiac fibrosis and aimed to better characterize this relationship.
Results

Long-term CR, diet composition, and cardiac fibrosis in NHPs
Long-term CR in rodent models has been shown to decrease cardiac fibrosis induced by highfat and western diets (25) . To test this hypothesis in NHPs, fibrosis was quantified in both NIA and UW left ventricle (LV) tissue samples using Masson Trichrome staining and subsequent blinded image analyses of three discrete sections from each LV(26) (representative images are shown in Figure 1A ).
Total cardiac fibrosis was measured as previously described (27) and, in order to avoid image selection bias, entire sections were imaged for subsequent analysis. A representative image of whole stained LV sections from an NIA and UW NHP are shown in Figure S1 . Range of age at death for the samples analyzed is summarized in Table 1B . Upon comparing age at death, there was no significant difference between the groups ( Supplementary Table 1 ).
Here, CR did not significantly alter the percentage of myocardial area occupied by fibrosis in either NIA or UW NHPs ( Figure 1B) , but there was a striking difference in myocardial fibrosis between the NIA and UW NHPs. In a comparison by diet group, NIA controls had significantly less fibrosis relative to the UW controls. Similarly, the NIA CR NHPs had significantly less fibrosis compared to UW CR ( Figure 1B , overall p<0.001 using a Kruskal-Wallis test; p<0.001 for NIA-control vs. UW control, NIA-control vs. UW CR, NIA-CR vs. UW CR, NIA-CR vs. UW control using post-hoc pairwise two-sided Mann-Whitney U tests adjusted for multiple comparisons using a Bonferroni correction). There was no effect of CR when the groups were evaluated by sex ( Figure 1C , overall p<0.001 using a Kruskal-Wallis test; p<0.001 for NIA-control-male vs. UW control-male, NIA-controlfemale vs. UW-control-female, NIA-CR-male vs. UW CR-male, NIA-CR-female vs. UW-CR-female using post-hoc pairwise two-sided Mann-Whitney U tests adjusted for multiple comparisons using a Bonferroni correction). Yet, again, we found that UW male and female NHPs had significantly greater cardiac fibrosis compared to NIA counterparts ( Figure 1C ). Finally, in a comparison of percentage of cardiac fibrosis between site cohorts, UW LV samples had a 5.9-fold higher median percentage of fibrosis compared to NIA samples ( Figure 1D , p<0.001 using a two-sided Mann-Whitney U-test). The pattern of fibrosis in the NHP LV tissues from NIA and UW was primarily interstitial fibrosis, as seen in Figure 1A .
The integrity of the extracellular matrix (ECM) and its structure is maintained by a balance in the function of matrix metalloproteinases (MMPs) and tissue inhibitor of metalloproteases (TIMPs) (28) . Classically, MMPs degrade ECM components, mediating tissue remodeling and maintenance, while, TIMPs inhibit MMP activity, restricting ECM degradation thereby promoting ECM deposition (28, 29) . To better understand ECM dynamics in NHP hearts from the NIA and UW studies, we assessed the expression of matrix metalloproteases (MMPs) and TIMPs in NHP heart samples using nCounter gene expression analyses (30) . Six control and six CR samples each were analyzed from the NIA and UW cohorts. Interestingly, we found significantly greater expression of TIMP2 and TIMP4 in the NIA CR hearts, compared to UW CR cohort ( Figure 1E , *p<0.05, two-tailed t-test with Benjamini Hochberg FDR correction). There were no significant differences in TIMP2 and TIMP4 between NIA control and UW control samples (p=non-significant, two-tailed t-test with Benjamini Hochberg FDR correction). High levels of TIMP2 and TIMP4 have been documented in the heart, and their expression is dysregulated in various cardiovascular diseases (31) (32) (33) . Furthermore, there was a trend in the levels of Collagen 3 (greater expression in UW CR, compared to NIA CR) and MMP 2 (greater expression in NIA CR, compared to UW CR, Figure 1E ). There were no significant differences in the expression of the other genes assayed ( Figure 1E , p=non-significant, two-tailed ttest with Benjamini Hochberg FDR correction).
Long-term consumption of moderate fat, high sucrose diet is associated with cardiac fibrosis in male mice
One of the key study design differences between the NIA and UW NHP studies is the composition of diets administered (24) . The UW study utilized a semi-purified, defined diet with higher levels of sucrose and fat (28% sucrose, 10.6% fat by weight), while the NIA study provided a complex, natural ingredient diet containing fish oils (3.9% sucrose, 5% fat by weight, Table 2 , dietary composition). To determine if the increased sucrose and fat content in the UW diet contributed to the increase in cardiac fibrosis, six-month old male C57BL/6 mice were randomized into one of four diet groups: standard mouse chow (n=10), the UW diet (n=15), NIA diet (n=12), or the NIA diet modified
[mNIA] (n=8) to include increased levels of sucrose and fat equivalent to the UW diet for six months ( Figure S2 ).
After six months, NIA-fed mice weighed significantly less than all three other groups, chow, UW, and mNIA (Figure 2A p<0.05, NIA vs. mNIA, post-hoc Mann-Whitney test with Bonferroni multiple testing correction). We estimated hepatic and plasma triglyceride in our cohorts. Hepatic triglyceride content was significantly greater in the mNIA cohort compared to the other three diet cohorts, and in the UW cohort was greater than the NIA cohort ( Figure S2D , overall p<0.0001, one-way ANOVA, p<0.05 for NIA vs. UW and UW vs. mNIA, p<0.01 for chow vs. mNIA, p<0.001 for NIA vs. mNIA, post-hoc two-tailed t-test with Bonferroni multiple testing correction). However, there were no significant differences in plasma triglyceride content between the dietary cohorts ( Figure S2E ). These data indicate that long-term consumption of high sucrose diets can lead to insulin resistance, and greater lipid accumulation in the liver. In addition, heart-weight to body-weight ratios were significantly lower in the mNIA cohort compared to chow and NIA cohorts ( Figure 2B , overall p<0.05 using a Kruskal-Wallis test; p<0.05 for heart weight to body weight ratios on chow vs. mNIA and mNIA vs. NIA using post-hoc pairwise twosided Mann-Whitney U tests adjusted for multiple comparisons using a Bonferroni correction). Lower heart-weight to body-weight ratios in the mNIA cohort is consistent with a recent study in rats fed a high-fat diet for 24 weeks (34), and it points towards inadequate compensation of heart weight to body weight in the context of obesity (25, 35) . Representative images of Masson trichrome stained samples are shown in Fig 2C. mNIA and UW mice had significantly greater total cardiac fibrosis than chow and NIA ( Figure 2D , overall p<0.05 using a Kruskal-Wallis test; p<0.05 for % fibrosis on chow vs. NIA, p<0.01 for % fibrosis on chow vs. mNIA, p<0.001 for % fibrosis on chow vs. UW, NIA vs. UW and NIA vs. mNIA using post-hoc pairwise two-sided Mann-Whitney U tests adjusted for multiple comparisons using a Bonferroni correction). The pattern of fibrosis observed in the mouse hearts was primarily perivascular, and it was most prominent with the UW and mNIA-fed groups. This pattern was different in the NHP hearts which was primarily interstitial fibrosis (7) as seen in Figure 1A (NHP) and Figure 2C (mice). This increase in fibrosis in a rodent model resulting from long-term consumption of high sucrose and fat corroborates the finding of increased cardiac fibrosis in the UW NHP cohort ( Figure 1D ). Thus, these data support our hypothesis that dietary composition likely plays a key role in cardiac fibrosis, and this effect is conserved in mice and NHPs.
Systematic characterization of diet-induced alterations to global transcriptional profiles
Molecular changes in the LV mouse tissue were assessed using a transcriptomic approach.
Total poly-adenylated mRNA was isolated and sequenced on an Illumina NextSeq flow cell in highoutput mode to generate approximately 300 million, 1x75 bp reads. The reads were aligned to the mouse transcriptome (36) and gene expression levels were quantified using an expectationmaximization approach (37) . Using this pipeline, we obtained global transcriptome-wide gene expression levels for each of the diets.
Next, we examined overall transcriptomic profiles for the three primary diets -chow, UW and NIA. Using t-distributed stochastic neighbor embedding (t-SNE) (38) , we visualized the entire highdimensional transcriptomic profiles in two dimensions that best summarized the overall profiles. Since t-SNE is an unsupervised approach, the dimensionality reduction does not account for diet group.
Thus, it provides an unbiased summary to contrast global transcriptional profiles from mice on the study diets which vary in sucrose and fat content. These results indicated that in terms of global transcriptomic profiles, the UW and NIA diets induced distinct signatures ( Figure 3A) , while chow and NIA diets had a similar transcriptional profile. This result was robust across t-SNE technical replicates ( Figure 3A and Figure S3A ). We also obtained the same trend with a principal component analysis (PCA) ( Figure S3B ). These findings are consistent with the expectation that a semi-purified diet (UW) and a natural ingredient diet (NIA) induce distinct transcriptomic profiles. Further, since chow and NIA are both natural ingredient diets, it is unsurprising that mice on these diets have similar transcriptomic signatures.
Though t-SNE provides an excellent summary of distinct clusters, relative distances do not have a Cartesian interpretation in a high-dimensional embedding. Conversely, relative distances in a PCA do have an intuitive interpretation, permitting exploration into relative relationships of the mNIA diet to the three primary diets. PCA based visualization was consistent with our previous findings ( Figure 3B ); we observed that the transcriptional profiles induced by chow and the NIA diets were distinct from the profile induced by the UW diet. Interestingly, the mNIA diet induced a global signature that had some similarities to the UW profile, as well as to the chow/NIA profile. This implies that merely examining the global mNIA profile is insufficient in explaining the complex and specific transcriptional changes occurring with the addition of fat and sucrose to a natural ingredient diet.
Thus, in order to thoroughly characterize the nature of these diet-induced alterations, we first focused on changes at the level of individual transcripts across the diets. Using DESeq2(39), we identified transcripts that were significantly differentially expressed (both in terms of an effect size cutoff and a statistical significance threshold, see Methods for details) between each pair of diets ( Figure 3C ). Our results were robust to the choice of alignment algorithm ( Figure S3B ) and whether gene or transcript level quantifications were used ( Figure S3C ). While there were differences across all diets, the most dramatic differences were between the mNIA and chow diets and between mNIA and NIA diets ( Figure 3D ). These data indicate that there were effectively three distinct profiles associated with characteristics of the four different diets: (1) semi-purified, defined diets (UW), (2) a natural ingredient diet (chow and NIA), and, (3) the addition of fat and sucrose to an otherwise healthy, natural ingredient diet (mNIA) ( Table 2 , dietary composition).
Diet-induced alterations at the functional level
Functional changes induced by variations in diet were identified by entire gene sets/processes that were most significantly differentially transcriptionally regulated across the diets. Specifically, we examined over-representation (40) of the most significantly differentially expressed genes, as defined based on both a fold-change cutoff and a stringent false discovery rate threshold, in KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways(41), i.e., a set of biological pathways defined based on prior knowledge. We used over-representation analyses on gene sets identified using stringent cutoffs to focus on the most dramatic transcriptional changes induced by diet. These analyses allow the systematic and unbiased identification of pathways corresponding to those in which the greatest transcriptomic changes occur, after looking across all KEGG pathways.
Genes with the highest expression levels from mNIA-fed mice, as compared to NIA and chow diet groups, were significantly over-represented in pathways involved in cardiac muscle contraction and catabolic processes, including oxidative phosphorylation and metabolism (Figure 4 , Supplementary Table 2 ). Conversely, genes with higher expression levels in mice on the NIA diet, compared to the mNIA diet, were significantly enriched in more anabolic processes such as fatty acid biosynthesis. Thus, when fat and sucrose were added, even to a natural ingredient diet, gene expression related to cardiac contraction and metabolism are dramatically altered.
Next, to obtain an unbiased assessment of any functional changes associated with diet, we characterized protein-protein interaction network modules that differ across diets. Using a database of well-characterized Mus musculus protein interactions(42) (defined as those supported by two or more independent experimental assays), we identified network modules centered around proteins encoded by genes that were differentially expressed between chow, mNIA, and NIA diets. Protein network modules have often been used to move beyond examining individual interactions to a more holistic understanding of how coordinated functional changes occur (43) (44) (45) (46) . Here, protein network modules involving genes with higher expression in hearts of animals on mNIA diet, as compared to chow and NIA, primarily included, (1) signaling cascades, (2) transcriptional regulators, and (3) innate cardioprotective mechanisms that limit remodeling ( Figure 5A and 5B). These findings further support the notion that the mNIA diet induces cardiac stress, but it may have also triggered innate cardioprotective mechanisms to counter that stress.
Interestingly, protein network modules involving genes significantly higher in mNIA compared to chow ( Figure 5A ) resembled modules involving genes significantly higher in mNIA compared to NIA ( Figure 5B ). This suggests that the mNIA diet is "similarly different" from both the NIA and the standard chow diet and that the addition of fat and sucrose has negative consequences relative to both diets. This is also consistent with our previous findings that the chow and NIA diets themselves induce similar transcriptomic profiles ( Figures 3A and 3B ), hence the mNIA diet induced a profile that is "similarly different" from both. On the other hand, modules involving genes significantly higher in NIA compared to mNIA were primarily associated with cardiovascular homeostasis ( Figure 5C ). Thus, these analyses present an unbiased perspective of how changes in diet have important functional consequences. Further, of these three diets, the mNIA diet resulted in the greatest percentage of fibrosis ( Figure 2D ). Transcriptomic analyses show that rodents consuming the mNIA diet trigger cardioprotective mechanisms in response to cardiac and oxidative stress. Thus, both the histological and transcriptomic data consistently suggest that among the different diets in this study, the mNIA diet is the most deleterious for normal cardiac function.
Finally, we explored whether there were any conserved upstream regulatory mechanisms that drive these changes in transcriptional profiles. Specifically, we used a high-quality genome-scale mouse transcriptional regulatory network (curated systematically from small-scale as well as highthroughput experiments)(47) to identify transcription factors upstream of genes that had significantly higher expression in the mNIA diet compared to the chow and NIA diets. There were 38 and 71 transcription factors (TFs) upstream of genes with significantly higher expression in the mNIA diet compared to the chow and NIA diets, respectively. We performed over-representation analyses and found these TFs significantly over-represented (FDR < 0.05) in several KEGG pathways.
Interestingly, the 38 TFs upstream of genes with significantly higher expression in the mNIA diet compared to the chow diet, were significantly over-represented in the Th17 cell differentiation pathway (5 genes, FDR = 0.003) and the AGE-RAGE (advanced glycation end products -receptor for advanced glycation end products) signaling pathway had (5 genes, FDR = 0.0003). Advanced glycation end products (AGEs) are generated as a result of chronic hyperglycemia and promote cardiovascular disease progression via direct and receptor (RAGE) -dependent mechanisms (48, 49) . AGEs accumulate in the heart and coronary blood vessels to induce oxidative stress, inflammation and ECM accumulation, leading to increased cardiac fibrosis and compromise in function (48, 49) . Therefore, we postulate that that AGE-RAGE signaling could explain the increase in fibrosis observed on the mNIA diet. The 71 TFs upstream of genes with significantly higher expression in the mNIA diet compared to the NIA diet were also significantly over-represented in the Th17 cell differentiation pathway (5 genes, FDR = 0.0005). Th17 / Treg imbalances have been reported in patients with heart failure -both HFpEF (heart failure with preserved ejection fraction) and
HFrEF (heart failure with reduced ejection fraction) (50) . Therefore, inflammation and Th17 cell pathway could also be playing a role in the progression of cardiovascular disease due to chronic consumption of high dietary sucrose.
Next, since our lists of differentially expressed genes themselves include some TFs, we explored downstream targets of these TFs. We found 78 and 67 genes downstream of TFs with significantly higher expression in the mNIA diet compared to the chow and NIA diets, respectively.
These genes were also significantly over-represented (FDR < 0.05) in a number of KEGG pathways ( Supplementary Table 3 ). Intriguingly, the 78 genes downstream of TFs with significantly higher expression in the mNIA diet compared to the chow diet were significantly over-represented in the PI3K-Akt pathway (10 genes, FDR = 0.001) and the HIF-1 signaling pathway had (4 genes, FDR = 0.047). The 67 genes downstream of TFs with significantly higher expression in the mNIA diet compared to the NIA diet were also significantly over-represented in the PI3K-Akt pathway (9 genes, FDR = 0.002). Increased HIF-1 expression is associated with upregulation of collagen isoforms and TIMPs in the heart, leading to increased fibrosis (51) . PI3K -Akt pathway plays a key role in cardiac hypertrophy regulation of cardiac titin, stiffness and angiogenesis (52) . In combination with HIF-1 and VEGF, Akt contributes to pathological hypertrophy and angiogenesis (53) . Furthermore, TGFß and TNF pathways, known to be pro-fibrotic (54, 55) , were significantly over represented in mNIA diet compared to chow and NIA. This suggests that higher dietary sucrose and fat results in changes in the transcriptional landscape of the murine heart to upregulate expression of genes in HIF-1 and PI3K pathways that could potentially lead to cardiac remodeling and increased cardiac fibrosis.
Discussion
The myocardium can change with age, often with increased cardiac fibrosis and hypertrophy, and these changes may eventually compromise cardiac function (1) (2) (3) (4) . Heart samples from the two longitudinal CR studies in NHPs provided an invaluable opportunity to examine the relationship between caloric intake and cardiac fibrosis. In fact, we determined that CR did not significantly alter cardiac fibrosis in NHPs in either the UW or NIA studies. Instead, there was a dramatic ~5.9-fold increase in cardiac fibrosis in UW NHPs compared to those from NIA NHPs, consistent with the earlier report that both control and CR NHPs in the NIA study, with lower body weights and fasted blood glucose levels, are relatively cardio-protected compared to UW controls (21) .
Gene expression analyses of ECM associated targets, such as collagens, MMPs and TIMPs revealed significantly greater amount of TIMP2 and TIMP4 in NIA CR hearts, compared to UW CR hearts. Furthermore, Collagen 3 expression was greater in UW CR, compared to NIA CR.
Interestingly MMP2 expression was also greater in NIA CR, compared to UW CR. High levels of plasma TIMP2 and TIMP4 have been documented in individuals with heart disease and heart failure (33) . Although TIMPs are known to inhibit MMPs and slow down the breakdown of ECM proteins, TIMP2 activates certain MMPs including pro-MMP2, in addition to inhibition of several MMP isoforms (29, 32) . TIMP2 deletion models exhibit greater infarct size and increased LV dilation and dysfunction following MI (32) . Therefore, it is unclear if TIMP2 function is beneficial or harmful in the injured heart since it is now appreciated that MMPs and TIMPs regulate various inflammatory signaling pathways in addition to their classical roles in ECM turnover (29) .
Earlier reports suggest that the differences in survival outcomes (i.e. why CR increased survival at UW and not NIA) of the two NHP studies were influenced by methodological differences (21, 24) . Recently, emphasis has shifted to unraveling the precise elements of each study that help to answer questions about underlying mechanisms. In the current study, we focus on diet composition, more specifically on the sucrose and fat content of each diet, to investigate cardiovascular contributions. Mitchell, et al. (2019) , pursued the hypothesis that diet composition and feeding regimen were primary drivers of the differing CR effect in the NHP studies and thus modeled the study design in mice. In that study, investigators analyzed measures of health, lifespan, metabolism, and gross pathology in ad libitum, daily fasted, and CR groups of male mice. The factor with the greatest influence on health and lifespan was the duration of daily fasting, regardless of dietary composition (56) .
Our findings establish a definitive link between diet composition and a prominent marker of cardiovascular health in primate LV samples from the two longitudinal NHP studies. Furthermore, we report cardiac fibrosis increased in mice following six months on a diet with higher sucrose and fat, a finding consistent with reports that a high fat, high sucrose "Western diet" increases cardiac fibrosis in other rodent models (10, 49) . Although the UW diet had higher fat content than the NIA diet (Table 2) , it was still well below the 35% fat that is typical in a "Western diet" (25) . Thus, we speculate that sucrose, a disaccharide comprised of fructose and glucose, may be a central factor modulating ageassociated cardiac fibrosis in the NHPs and mice in our study. In recent years, a multitude of investigations on the commensal microbiome and its influence on host health and disease have highlighted the crucial role played by the composition of the microbiome (57, 58) . It has been shown that dietary composition shapes the microbiome and the relative abundance of various microbial species (58) . In light of this, we reflect that the effect of the microbiome on cardiovascular health and cardiac fibrosis cannot be discounted. The microbiome would be a key factor for future studies investigating the influence of dietary composition on cardiac and metabolic health in our experimental models.
It is unknown how early the NHPs showed evidence of fibrosis, but the long-term diet exposure likely contributed to the greater fibrosis burden. Differences in degree of pathophysiology could be species specific or relative to length of time on diet. Yet, the pattern of disease also differs as the cardiac fibrosis induced in the murine model after six months on diet was predominantly perivascular, while LVs from both NHP studies showed interstitial and perivascular fibrosis. Interstitial fibrosis results in ventricular dilation and cardiomyocyte stiffness, playing a pathological role in heart failure (59, 60) . The reasons for these differences are not clear but warrant further investigation in prospective longitudinal studies to assess cardiac function. A limitation of our study is that we did not perform comprehensive cardiac physiology assessments during the prolonged mouse feeding study.
Future studies of these diets should include prospective serial noninvasive cardiac assessments as well as comprehensive metabolic analyses to establish a time-course of the effect of dietary composition on cardiac pathology in the aging mammalian heart.
As a first approach toward identifying the mechanisms contributing to understanding the pattern and extent of fibrosis in the mice, global transcriptomic analyses of the rodent tissues revealed distinct profiles associated with the types of diet: natural ingredient/grain-based diets, semipurified/defined diets, or a natural ingredient diet containing moderate fat and high sucrose.
Interestingly, a grain-based diet with moderate fat and high sucrose appears to be associated with upregulation of metabolic pathways, including oxidative phosphorylation, as well as diet-induced cardiac stress. This indicates that diets higher in fat and sucrose may accelerate damage to an aging heart. Furthermore, the transcriptomic signature characterizing this grain-based, moderate fat, high sucrose diet (mNIA) is similarly different from both the grain-based and the standard diet, demonstrating that diet-induced cardiac stress has unique transcriptional and functional consequences, including the triggering of innate cardioprotective mechanisms, perhaps to counter the stress. However, to identify molecular mechanisms underlying diet-induced changes in cardiac pathology and to assess potential therapeutic targets, a deeper insight into the molecular and cellular changes in the heart mediated by dietary composition, are warranted in future studies.
Cardiac fibrosis is a common pathological factor in many forms of heart failure (61) . In Heart Failure with preserved Ejection Fraction (HFpEF), the most common form of heart failure, it is a major underlying pathological finding (62, 63) . HFpEF has dramatically risen in the past several decades, and this epidemic is, at least in part, driven by aging and the increase in metabolic syndrome (62, 64) .
Since increased sucrose consumption over the past several decades is strongly associated with the recent metabolic syndrome epidemic (65) (66) (67) , this raises the intriguing hypothesis that dietary sucrose may drive fibrosis in the aging heart and contribute to the increase in HFpEF.
Methods
The data and pipelines from our RNA-seq experiments have been deposited with GEO, accession number GSE135532. All the analyses were performed in a randomized and blinded manner.
Study approval:
All animal studies were reviewed and approved by the Harvard University Institutional Animal Care and Use Committee, Cambridge MA 02138 (protocol number 16-05-273). All experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals.
Subjects
Six-week-old, male C57BL/6 mice were obtained from Charles Rivers Laboratory and housed at the Harvard BRI under a 12-hour light/dark cycle and given unrestricted access to food and water.
The animals were randomly assigned to one of four diets -standard rodent chow (Prolab â IsoPro â RMH 3000 5P75, LabDiet, St. Louis, MO), NIA primate diet (5L1F, LabDiet, St. Louis, MO), UW primate diet (Envigo TD.85387, Harlan Laboratories, Madison, WI), or modified NIA diet (NIA diet modified to have sucrose and fat content matching the UW diet, Table 2 ) (17, 21, 23) , for a period of six months.
To measure fasting glucose, animals were fasted for at least 5 hours and blood glucose was measured using a handheld glucometer (Contour ® 9545C, Ascensia Diabetes Care, Basel, Switzerland) with blood from the tail vein. Five-hour fasted plasma was used to measure insulin levels using mouse ultrasensitive insulin ELISA kit from ALPCO ® according to manufacturer's instructions.
Animals were weighed and then euthanized by isoflurane overdose followed by exsanguination.
Hearts were collected, weighed, and bisected -one used for histological analyses (paraformaldehyde preserved) and one for RNA-seq (liquid nitrogen frozen).
Hepatic and plasma triglyceride
Triglyceride content of liver and 5-hour fasting plasma was measured using a colorimetric triglyceride quantification kit from BioVision ® . A piece of liver was weighed and homogenized in 5% NP-40 in water and heated at 80°C for 5 minutes to solubilize all the triglyceride. Liver samples were diluted 20-fold in water, and triglyceride content was estimated using the colorimetric assay according to manufacturer's instructions.
Histology
NHP LV samples were previously harvested from the on-going longitudinal studies at the NIA and UW. Samples were flash frozen at collection and stored at -80°C until processing. ~5mm pieces were cut from the tissue and frozen in OCT in tissue molds and then sectioned on a cryostat to obtain 10µm sections. Mouse hearts for histology were fixed in 4% paraformaldehyde for a period of 24 hours and then transferred to 70% ethanol, followed by dehydration and embedding in paraffin and sectioning (5µm sections).
Masson Trichrome staining
Masson Trichrome staining to measure fibrosis in NHP LV sections (frozen sections, 10 µm thick) was performed as follows. Sections were fixed overnight at room temperature in Bouin's fixative. After rinsing in tap water to remove residual Bouin's fixative, sections were stained for 10 minutes with a 1:1 mixture of Hematoxylin A and B. Scarlet acid stain was added for 10 minutes, followed by 5 minutes in phosphomolybdic acid solution. The sections were then incubated in aniline blue solution for 5 minutes and then transferred to 1% acetic acid for 5 minutes. This was followed by dehydration in ethanol and xylene; the sections were then mounted in permount and cured for 24 hours before imaging. Stained sections were imaged using Zeiss AxioScan imaging system at the Harvard Center for Biological Imaging. Total fibrosis was calculated using ImageJ as previously described (27) . Masson Trichrome staining of mouse heart sections (paraffin sections, 5 µm thick) were performed following a similar protocol, with 6 minutes in aniline blue.
RNA isolation and expression profiling from NHP tissue
RNA was isolated from NHP hearts using Ribozol (phenol / chloroform extraction, ethanol precipitation) and subject to quality control on a bioanalyzer. nCounter gene expression profiling was used to assess the expression of extracellular matrix proteins, MMPs and TIMPs. The nCounter gene expression assay is a robust method for the detection of gene expression by direct imaging using color coded probe pairs specific to target genes (30, 68) . Target mRNAs of interest are detected using a pair of reporter and capture probes that are specific for ~100bp region of the target. Reporter probes have a color code, while capture probes have a biotin label to facilitate downstream attachment and detection of targets (30, 68) . 100ng of RNA adjusted for degradation using DV200 values obtained from tape station was used as input for gene expression profiling using nCounter gene expression assays. Hybridization of RNA and probes was performed at 67°C for 18 hours, followed by purification and binding to the imaging membrane using the NanoString prep station.
Finally imaging and analyses of counts were performed using nSolver 4.0 software platform as previously described (30) .
Transcript abundances were standardized using calibration controls and normalized using positive-control housekeeping genes as previously described (30) . We quantified expression levels of 19 genes for 4 cohorts -NIA control, NIA CR, UW control, UW CR. For each of the 4 cohorts, 6 LV samples were assayed. In the heatmap, we visualize the median (across the 6 LV samples) normalized abundances for the transcripts across the cohorts. Since the expression levels are genespecific, and our goal is to compare transcript abundances across the 4 cohorts, we further normalize per transcript, by centering and scaling across the 4 cohorts.
RNA isolation and sequencing
Total RNA from the lower half of the mouse heart ventricles was isolated using Ribozol. Four biological replicates were used per diet, each replicate represents myocardium from a single animal.
Quality control of RNA samples were performed by tape station, samples with RIN > 7.0 were processed for library preparation and qPCR. Single-end (75 base pairs) sequencing was performed using an Illumina NextSeq 1x75 high output flow cell. Quality control, poly-adenylated mRNA isolation, library preparation, qPCR and sequencing were performed by the Harvard FAS center for systems biology.
Analyses of RNA-seq data
Total poly-adenylated mRNA was isolated and sequenced on an Illumina NextSeq flow cell in high-output mode to generate ~305 million 1x75 bp reads. We then used a standard three-part pipeline comprising, 1) alignment of reads to the mouse transcriptome (RefSeq transcript database -mm10), 2) quantification of gene-expression data from the aligned reads using expectationmaximization, and 3) differential expression analyses using DESeq2 (39) . Our pipeline is summarized in Fig S3A. Briefly, short reads were aligned to the mouse transcriptome using the Burrows-Wheeler aligner (BWA) mem algorithm with default parameters (36) . We then quantified gene expression levels (gene-level counts) using a well-established expectation-maximization algorithm (37) . Differential expression analyses were performed using DESeq2 (39) . A parametric fit with default parameters was used, P-values were calculated using a Wald test, and these P-values were adjusted for multiple comparisons using the Benjamini-Hochberg procedure to obtain false discovery rates (FDRs). All diets were compared in a pairwise fashion to obtain differentially expressed transcripts (4 dietschow, UWM, NIA and mNIA; 6 pairwise comparisons). To validate that our analyses are robust to the choice of alignment algorithm, we also used a different aligner -STAR(69), and found that our results remained unchanged ( Figure S3C ). Further, our results also remained unaltered if gene-level counts instead of transcript-levels counts were used ( Figure S3D ).
For any diet pair, we defined genes as being significantly differentially expressed if they had: 1) a fold change (FC) of at least 1.5 and, 2) the FDR (post Benjamini-Hochberg multiple testing correction) was less than 0.1. In Figure 3C , all transcripts in the volcano plot presented in color are based on a FC > 1.5 and p < 0.05 threshold (rather than the FDR < 0.1 threshold). This provides insights into diet pairs that have the greatest transcriptomic changes (at slightly more permissive thresholds). However, for all analyses including over-representation and network analyses, we use the more stringent FC > 1.5 and FDR < 0.1 thresholds. Figure 3D presents the numbers of significantly differentially expressed transcripts at these stringent thresholds.
Over-representation and network analyses
For over-representation analyses, we only used genes that were significantly differentially expressed i.e., FC ≥ 1.5 and FDR < 0.1. This represents a stringent cutoff as 1) we use both an effect size and a significance threshold 2) the significance threshold is based on FDR rather than on pvalues. To evaluate whether these significantly differentially expressed genes were over-represented in KEGG pathways, we used a hypergeometric test via the WebGestalt interface (40) . We consider a pathway to be significantly over-represented if the FDR (i.e., p-value computed using a hypergeometric test followed by Benjamini-Hochberg multiple test correction) associated with that pathway was less than 0.15. This is again an independent stringent cutoff as the significance threshold is on the FDR rather than on P values. However, 10/14 reported pathways have > 5-fold enrichment and an FDR < 0.05 (Supplementary Table 2 ). Further, even if we go to an FDR threshold of < 0.005, the majority of pathways (8 out of 14) still pass this threshold ( Supplementary Table 2 ).
Thus, our results hold at much more stringent fold change and FDR thresholds.
Further most of the FDRs obtained were highly significant (p<0.001, Supplementary Table 2 ).
We use stringent thresholds for both the selection of differentially expressed genes, and to evaluate significant over-representation to minimize the false positive rate and have a very high degree of confidence regarding the reported pathways (i.e., pathways over-represented by significantly differentially expressed genes). However, we may be underpowered to detect all pathways significantly over-represented for differentially expressed genes. This framework fits the paradigm of our study, where we are interested in focusing on the most robust hits but make no claims regarding being able to discover all pathways of interest.
For the protein network analyses, we used high-quality Mus musculus protein-protein interactions from the HINT database (42) . The interactions are systematically curated from the literature (both small-scale and high-throughput experiments) using well-established criteria, and are highly reliable as each interaction is supported by at least 2 independent experimental assays (42) .
Statistical analyses
Statistical analyses were performed on MATLAB. Kruskal-Wallis tests were used to compare data across experimental groups. Additionally, for pairwise comparisons, two-sided Mann-Whitney U tests were used with appropriate Bonferroni corrections to adjust for multiple comparisons.
Significance level was set at a value of p<0.05. HR  RORB  LIN7C  LIN7B  CASK   NR4A3   GATA5   APBA1   TFAP2A   SSBP4   SPRY2   SOS1   GRB2  TFAP2D   MAP3K1   MAP2K7   MAP2K4   MED21  HOXA2  HIST1H3A  IFT20  HSBP1  NPHP4  INVS  ILK   USMG5  NFE2  TPM1  LIMS1  IFT88  IGF2BP3  KDM6B  TLX3   SLITRK2  NLGN1  CLDN19  CDH6  KLKB1  DYNLRB1  PLAUR   CEP290 C: Protein network modules involving significantly differentially expressed genes that have higher expression levels in NIA compared to mNIA.
35 Table 1 : Survival median of NIA and UW NHPs and ranges of age at death for the NHP samples analyzed in this study. 
